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Abstract—In this paper, we consider hybrid beamforming for
unmanned aerial vehicle (UAV)-assisted communications with
massive multiple-input multiple-output (MIMO). Using a hybrid
beamforming design, we derive an approximate closed-form
expression of rate and provide a power allocation design under
the line-of-sight (LoS) channels. It is revealed that the total
transmit power should be inversely proportional to the number
of antennas of UAV in order to satisfy the rate requirement of
each user. Furthermore, we propose the optimal location design
of the UAV. For the special case the pathloss exponent is 2, the
optimal location is the weighted average location of all users
where the weights are signal to interference plus noise ratio
(SINR) requirements of all users. It is shown that the weighted
average location could be an approximate method to design the
UAY location with little performance gap to the optimal location
even when path loss exponent is not 2.

Index Terms—Hybrid beamforming, massive MIMO, un-
manned aerial vehicle.

I. INTRODUCTION

In existing cellular networks, ground base stations with
fixed locations are deployed to provide seamless coverage and
reliable connections for mobile terminals. Due to blockage in
environment, the channel quality can vary dramatically across
various environments. To complement existing ground base
stations, the emerging unmanned aerial vehicle (UAV)-assisted
wireless communications can provide economical wireless
access to areas without satisfactory infrastructure coverage
[1], [2]. The mobility of UAVs allows them to dynamically
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serve users over a wide area. Moreover, line-of-sight (LoS)
comunication links can be established in most scenarios with
the aid of UAVs which potentially leads to better communica-
tion channels. There are different types of UAVs with varying
sizes and capabilities that are used in multitude applications
[3]. Depending on the power source, their connectivity range
varies from a few meters up to several kilometers, and their
flight time varies from a few minutes up to tens of hours [2].

Recently, exploiting research on UAV communication in
three-dimensional space attracts increasing attention to fully
exploit the benefits of the UAV mobility. By treating mobile
UAVs as flying base stations (BSs), existing studies proposed
efficient deployments of UAVs for enlarging wireless coverage
[4], [5]. Power allocation is crucial for UAVs, because the
UAV’s size and weight constraints limit the on-board energy
storage. To address this issue, [6] designed UAV trajectory to
maximize energy efficiency. In [7], the authors considered to
maximize the coverage by using the minimal transmit power.
[8] jointly optimized the transmit power and trajectory to
maximize the minimum average throughput within a given
time length. [9] considers the downlink of a system servicing
a set of mobile users via several UAVs acting as distributed
antennas and provided the location design for two special
cases where pathloss exponent is 2 or UAVs at very high
altitudes. Note that all aforementioned studies focused on
UAVs equipped with a single antenna. For UAVs equipped
with multiple antennas, [10] studied the achievable rate of an
uplink cognitive radio system using a UAV relay. In addition,
a 3-D elliptic-cylinder UAV channel model was proposed in
[11]. It is important to study UAVs equipped with multiple-
input multiple-output (MIMO), as it requires less power than
single antenna UAV under a given quality-of-service (QoS).
Although there have been researches on UAV with MIMO,
it is challenging to further consider massive MIMO for the
UAV due to weight and size constraints [1], [2]. The hybrid
beamforming is suitable for the UAV since it saves both power
consumption and computation complexity. However, to the
best of our knowledge, few contributions have been devoted to
the problem of power minimization for UAVs equipped with
antenna arrays, especially with large-scale antenna arrays.

In this work, we study the UAV networks with UAV BS
using multiuser massive MIMO hybrid precoding. In this
work, dedicated UAVs are employed as aerial BSs, to assist
the wireless communications of ground nodes, which we refer
to a number of applications detailed as UAV-assisted wireless



communication in [1], [2]. Moreover, the UAV BS also plays
an important role in many special scenarios without working
ground BSs, for example, disasters or scientific expedition in
the field [12]. It is notable that although the topic of hy-
brid beamforming has been well investigated in conventional
cellular networks, the involvement of hybrid beamforming in
UAV systems makes the problem more complicated and are
even harder to solve, i.e, UAV coordinate optimization. In
detail, the hybrid beamforming is based on physical channels
which are related to the UAV location. To minimize the total
transmit power, we propose the optimal UAV location design
based on the popular hybrid precoding method under LoS
channels. For the special case o = 2, the optimal solution of
UAV location reduces to the expression of a weighted average
of user locations. We also show that, the weighted average
location of all users could be a good approximation of the
optimal choice of UAV location.

II. SYSTEM MODEL

We consider a downlink massive MIMO UAV-aided wireless
communication system with one UAV equipped with M
antennas serving K single-antenna ground users. The UAV
is deployed as a flying BS located at (xg, yg, H), where
H is a constant altitude for safety considerations, while the
location of ground user k is denoted by (xj, yi, 2r). For
a certain altitude, we expect that the channels between the
UAV and users are dominated by the LoS type. It is notable
that we suppose that the UAV works at high frequency bands,
e.g., mmWave , due to the advantage of having LoS path
with high probablity and the facility of developing a relatively
large antenna array for strong beams [1]. To fully describe the
characteristics of the wireless channel, we express the channel
between the UAV and user k as [6], [8]

hy, = /M Bra(by) )]

where [ reflects the large scale shadowing, a(fy) denotes
the fast fading factor vector which models the propaga-
tion condition of the channel and 6, is the azimuth an-
gle of departure (AOD) of user k. Specifically, the large
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scale shadowing can be expressed as [
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the pathloss exponent, 3y denotes the channel power gain
between the UAV and users at the unit distance, and dj is
the distance between the UAV and user k and (a) uses di =
V(o — )2 + (yo — yx)2 + (H — z1)? which contains the
effect of the UAV location. Considering the common uniform
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denotes the signal wavelength, and d represents the distance
between adjacent antenna elements.

Due to hardware constraints, the UAV employs hybrid
beamforming where the number of RF chains is far less than
the number of antennas, i.e., Ngr < M. Note that we assume
a fully-connected structure where each RF chain is connected
to every antenna through a phase shifter. To enable multistream
communications, Ngp is assumed to be no less than K, i.e.,

Ngrr > K. Since RF chains are responsible for a large amount
of power, it is more practical to set Npr = K for the UAV BS
which can not afford too much power. Note that Npr > K or
Nprr = K is the general assumption of the hybrid precoding
[13]-[16]. For Ngrr > K, we can simply use the strategy
for turning off the additional RF chains for the sake of power
saving as in, e.g., [14].

Assuming a block-fading channel model, the received signal
at all users is

= HYFWPs +n, 2

where P = diag[\/p1,...,/Px] refers to the power allo-
cation matrix, F = [fi,...,fy,,.] € CMXNrr and W =
[Wi,..., wi| € CVrFXK are respectively the analog and dig-
ital beamforming matrices, H = [hy, ..., hx] € CM*¥ stands
for the channel matrix, s = [21,...,2x]7 ~ CN(0,1) repre-
sents the data vector, and n = [ny,...,nk]T ~ CN(0,021)
is the noise vector. Since the phase shifters can only change
the angles of signals, the i-th element of f; is normalized as
| fril = . From (2), the received signal of user k& becomes

Yk = /P hk Fwgsi+ > | /p]hk Fw;s; +ng, where yi, si

and nj denote the k-th giement of y, s and n, respectively.

Generally, the hybrid beamforming design is non-trival due
to the constant amplitude constraints of phase shifters. Here,
we would like to employ a popular idea to design hybrid beam-
forming which seperates the design into two stages [13]-[16]:
(1) The analog beamforming reaps diversity by maximizing
the signal power for each user while ignoring the interference
among users; (2) The digital beamforming is designed by a
linear precoder to manage the resulting multiuser interference.
In detail, the UAV first maximizes the signal power by

fi, = argmax |thfk|2. 3)

Then, the digital precoding is designed according to the
equivalent channel vector between the UAV and each user,
which is given as

g =F"h 4)

With the equivalent channels, we can write the zero-forcing
digital precoding as

V =G(G1Gg), (5)

where G = [g1,...,8k]- Then, we normalize the digital
precoding to guarantee transmit power constraints. It yields
Wy = HF:%’ where v}, is the k-th column of V.

III. PROBLEM FORMULATION AND SOLUTION

The ground BS has a fixed location. One can only design
beamforming and resource allocation for performance en-
hancement. Once the users change their locations, the BS can
not move. However, the mobile BS, UAV, could dynamically
adjust its location in real-time to improve user performance.
Moreover, the ground BS is powered by cables which does
not have serious power concerns. The studies on ground BS
usually design beamforming and resource allocation to max-
imize the system spectral efficiency, while the stored energy



for the UAV is limited. Therefore, instead of maximizing the
system rate, it makes more sense for the UAV BS to minimize
the transmit power while statisfying the QoS of users in terms
of spectral efficiency. Note that the location of UAV affects
the channel, which further has impacts on the rate. Thus, our
optimization problem is written as

min Ptotal (6)
{pr} 170,90
s.t. Ry > 1., Vk @)
Lmin S Zo S Tmax; Ymin S Yo S Ymax (8)
K
where Piotal = Y. pi refers to the total transmit power,

[©min, Tmax) and [y;nn, Ymax) Tespectively represent the ranges
of x-axis and y-axis of the UAV location, 75 denotes the
minimal rate requirement of user k and the rate of user k
is

pk|h£1FWk|2
> pj|hFw;[? + o2
i#k

Rk = B 10g2 ]. + 9 (9)

where B is the system bandwidth.

To further simplify the problem, we would like to trans-
fer (6) to a problem with fewer optimization variables and
constraints. Since the power allocation has impact on the rate
constraint in (7) and the UAV location affects (7) and ranges of
x-axis and y-axis, we first focus on simplifying (6) by deriving
a simple expression to characterize the relationship between
the rate and {p;}2< | in the following proposition.

Proposition 1: For the LoS case in massive MIMO with
hybrid precoding, the rate for user % is well approximated by

M
Rj, = Blog, (1 + pgﬂk) .
o

n

(10)

Proof: See Appendix A.
By substituting (10) into (7), we have the minimum transmit
R et ) LA Ol s LA Y
power of user k as: p, = 5 I dg It is
not difficult to obtain the following observation.
Remark 1: To satisfy the rate requirement of each user, the

minimum total transmit power of UAV is derived as

2 K

g,
Piotal = —2 27:/B _ 1)q2.
o = 37 (7 1)

(1)

Remark 2: From Remark 1, the minimum required total
transmit power, i.e., Piota1, increases linearly with ﬁ

Although Remark 2 is obtained in massive MIMO, simula-
tion results in Section IV show that the conclusions still hold
when the number of antennas at the UAV is not quite large.

With the beamforming design, we then need to optimize the
location of UAV, i.e., (zg, yo). The problem becomes

K

i 4 st 8
min ;pkk st (8)

12)

where py, 2 (27+/B 1) is the signal-to-interference-plus-noise
ratio (SINR) requirement of user k. Note that py, is the quality-
of-service (QoS) requirement in terms of SINR requested by

user k. In other words, it indicates that the achieved SINR of

user k should be at least no smaller than the value of pj in

order to make user k satisfied.

Applying the Karush-Kuhn-Tucker (KKT) conditions, we

K

write the Lagrangian as: L = > prd? + 71(Zmin
k=1

72(-(50 - xmax) + 73<ymin - yO) + ’74(3/0 - ymax)- Then’ the

KKT conditions should be

— xo) +

OL OL
8—% =0, 87y0 =0, (13)
®)
¥ 20, Y1(Zmin — o) =Y2(Z0 — Tmax)
= 73(ymin - yO) =74 (yO - ymax) = 0. (14)

Generally, the location of UAV satisfies that zn,;, < zg <
Tmax aNd Ymin < Yo < Ymax, Which indicates that v; = 0.

Then, we focus on 2&, which is expressed by

BLEO ’

K
0 d¥
oL B k;p’“ k ) K

dzg

= ad pr(d)? (zo — 1),

k=1

O0xo (15)

where (a) is by substituting dy; =
V(@o—z1)2+ (yo —yx)2 + (H — 2)2.  Similarly, we

K
can get gTLo = akz pk(di)(ffl)(yo — Yk)-
=1

By letting aaTLo = g—;) = 0 and recalling that o > 0, we get

the necessary conditions:

K K
D wi(zo— k) =Y wi(yo—yx) =0.  (16)
k=1 k=1

If we define the optimal UAV location as (z§(a), yg(a)), it
is the solution of (16). It is difficult to obtain a closed-form
solution to (16) due to non-integer exponents ««. However, (16)
can be efficiently solved using existing software tools.

Moreover, we also get a closed-form solution to a special
case to (16) in the following observation.

Lemma 1: If o = 2, the optimal location of the UAV can
be represented by

K K
Z PrTEk Z PEYk
(€5(2),45(2) = | S = ;o amn
> Pk > Pk
k=1 k=1

which is the weighted average location of users.

Remark 3: When the pathloss exponent is 2, according to
Lemma 1, the optimal UAV location is the weighted average
location of all users, where weights are the SINR requirements.

Even though Lemma 1 and Remark 3 are obtained for
o = 2, numerical resutls in Section IV demonstrate that the
weighted locations in (17) also obtain great performance even
when « is not 2.

IV. SIMULATION RESULTS

In this section, we provide simulation results to
verify the results in this paper. We consider one
UAV BS and several ground users. The location and
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Fig. 1: Power consumption with M = 64
at all locations (44.2917 mW at
(x§(@),y5(a)) = (192.0200,273.3940),
474213 mW at (z5(2),y5(2) =
(160.2886, 249.0210)).

TABLE I: Simulation Parameters

Parameters Notation Typical Values
Number of users K 4 (except Fig. 5)
Communication bandwidth B 1IMHz

The noise power density o2 /B -169dBm/Hz

The channel power gain at Im | (o 1.42 x 102

The pathloss exponent « 3.8 (except Fig. 3)
UAV flying height H 200m

UAV x-axis range Tmin, Tmax] | [0,500](m)

UAV y-axis range Ymin, ymax} [0,500](m)

UAV z-axis range Zmin, Zmax) [1,25](m)

rate requirement for each user is generated according
to uniformly random distribution. Specifically, the
locations of all users are (460.1660,211.4178,24.5933),
(26.3385,273.9355,8.2349), (368.9290,471.3685,17.8264),
(134.5597,208.8721,16.9921) (m,m,m) and the rate
requirements of all users are 1.2914,2.4484,2.0048,4.2554
(Mbits/s). Other parameters are shown in TABLE L.

We compare the total transmit power of the UAV BS at
all locations in Fig. 1. The minimal power obtained by a
exhaustive search (using the step as 1 (m)) is 44.2906 mW.
It is observed from Fig. 1 that the total transmit power of
UAV at (zf(«), y5(«)) is almost the same as that of optimal
location where the difference is %&;’52% = 0.0024%.
Moreover, even if « is far larger than 2 (o = 3.8), the power
cost at (2:3(2),y5(2)) is also very close to (x5(a), yg(«)) with
the difference 742442917 — 7.0659%. Therefore, it is
acceptable to conclude (z{(a), y5 () as the optimal location
of the UAV BS and (x§(2),y5(2)) is a good approximate
location design with little gap to the optimal location.

Fig. 2 demonstrates the total transmit power versus the
number of antennas at the UAV. It is not only verified that the
performance gap between (z(«a), yg(a)) and (z3(2),y5(2))
is small, but also shown that the power values obtained from
(11) are very close to the exact total power consumption.
Note that (11) is still very accurate even if M is not large
(M = 16). It is due to the fact that the channels are decided
by the UAV location which is chosen by the system. If the
UAV location is optimized, the UAV intends to locate at a
place with high signal power and small interference where

40
5 20 25 30 35

Fig. 2: Power consumption versus M.

364 366 368 37 372 374 376 378 38
x

40 45 50 55 60 65

Fig. 3: Power consumption versus o with
M = 64.

physical channel paths are approximately orthogonal. In this
case, it is acceptable and appropriate to assume orthogonal
channel paths in (18) even if M is not large.

In Fig. 3, we provide the total tranmit power of the UAV
BS with the varying channel pathloss exponent. As expected,
it is revealed that the transmit power should increase with
« to mitigate the growing signal power loss. Moreover, the
performance gap between (z(a), yg(a)) and (z5(2),y5(2))
also increases with «. Nonetheless, for the case o = 3.8
(which is far larger than 2), the performance difference be-
tween (x5(2), y5(2)) and (x§(3.8), y5(3.8)) is still quite small.

To show the system performance with large K, we also
provide simulation results with a large number of users and
antennas but fixing the ratio of K /M and K = Ngp in Fig. 4.
In the figure, the systems with different { K'}’s have the same
sum rate and the rate of each user is the same. With the same
sum rate, it is shown that the transmit power fall with K.

We also compare our proposed method with average loca-
tion of users and [9] using simulation results in Fig. 5. Note
that we use the method to choose the UAV location in [9] and
reduce the number of UAVs to one. As shown in Fig. 5, the
proposed method outpeforms the other location designs.

Generally, the LoS channel paths dominate the wireless
channels in UAV networks. However, the UAV could also be
applied over multipath channels, which also includes NLoS
(Non-Line-of-Sight) channel paths. In this case, if the UAV
only knows the information of the LoS channel path, the rate of
each user can not meet the constraints (R < 7). To investi-
gate the performance deterioration, we also provide simulation
results over Rician channels. The channel vector between the

UAV and user k is hy = , /-£& héos—h/ L hkNLOS, where

1+Kk 1+Kg

hlo% is calculated according to (1), hY£°S is randomly dis-

tributed as hYYL°% ~ CN\ (0, %I) and ky, is the Rician

K -factor of the k-th user channel in which k1 = ... = kg = Kk

is assumed. We denote R(a) and R(2) as the sum rate for

the UAV at (z§(«), y5(a)) and (z§(2), y5(2)), respectively. 7
K

stands for the sum rate requirements (1 = > 7).
k=1
Fig. 6 illustrates the performance deterioration of the pro-
posed designs over Rician channels with varying x. According
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with M/K = 16. M = 64.

to Fig. 6, @ and @ increase with x and exceed 0.95.

Even when NLoS components are not small and can not be
ignored (x = 3 dB), the UAV BS could still fulfill around 90%
rate requirements. Moreover, R(«) and R(2) are almost the
same which indicates that the performance of (x§(2),y5(2))
approaches that of (z§(«), yg(a)) over Rician channels.

V. CONCLUSIONS

UAV-assisted communications with multiuser massive
MIMO hybrid beamforming were studied to provide coverage
for ground users in this work. With a hybrid beamforming
method, power allocation and location designs were proposed
to minimize the power while satisfying the rate requirements
of all users. For the special case with path loss exponent equals
to 2, the optimal location could be expressed as the weighted
average location of all users.

APPENDIX A
PROOF OF PROPOSITION 1

For massive MIMO, the channel model can be well approx-
imated by virtual channel representation [17]

h, =/ MBity, (18)
where t;, = a(ék) in which 6, = argmin |ék -
Orel 3 4 )

|- According to (3), the analog precoding for user k should
be f;, = ty which further yields F = [t1,...,tx]. From the
definition of effective channels in (4), we have

GH =H"F = [\/MBit1,...,/MBrtx|"[t1,... tk]
VMPBitit,  /MpBitft, VMPBtt
VMPBatlit,  /MpBatit, VM Baotiit g

vMﬁktﬁtK
(19)

VMBrtit, MPBrtilt,

Since {t;}& , are the K orthogonal vectors of a Discrete
Fourier Transform (DFT) matrix, it implies that
1, i=3j
Hy _ ) J
K tf‘{ 0, i#].
By combining (19) and (20), we obtain G
diag[v/MpBi,...,v/MPBk]. Using (5), we calculate W

as I. Substituting above expressions of effective channels and
precoding into (9), the rate is approximated by (10). [ |

(20)
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